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The  fluorescence  of  7-aminocoumarins  is  quenched  by  a  variety  of  organic 
electron  donors  or  acceptors  in  acetonitrile.  In  general,  donors  with  half¬ 
wave  oxidation  potentials  less  positive  than  1.0V  vs  SCE  and  acceptors  with 
reduction  potentials  less  negative  than  -1.5V  vs  SCE  are  candidates  for  dif¬ 
fusion  limited  quenching  of  coumarin  fluorescence.  In  flash  photolysis  experi¬ 
ments  electron  transfer  for  several  dyes  and  quenchers  is  demonstrated.  Elec¬ 
trochemical  properties  of  dyes  have  been  investigated  by  cyclic  voltammetry. 
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ELECTION  DONOR- ACCEPTOR  QUENCHING  AND  PHOTOINDOCED 


ELECTION  TRANSFER  FOE  COUKARIN  DIES 


Guilford  Jowii  II* *  Susan  F.  Griffin,  Chol-yoo  Choi, 
and  Villisn  E.  Bergnark1 

Departnent  of  Chemistry,  Boston  Uairersity,  Boston  HA  0221S 


Abstract 


Tha  fluorascanca  of  7— sainocouaarins  is  quenched  by  a  variety  of  organic 
electron  donors  or  acceptors  u  acetonitrile.  In  general,  donors  with 
half-ware  oxidation  potentials  lass  positira  than  1.0  ▼  rs  SCE  and 
acceptors  with  reduction  potentials  lass  aegatire  than  -1.5  V  rs  SCB  are 
candidates  for  diffusion  United  quenching  of  coanarin  singlet  states. 
Frofiles  of  quenching  rates  are  consistent  with  calculated  free  energies 
for  electron  transfer  between  excited  eownarias  sad  donors  or  seeeptors. 

In  flash  photolysis  exper incuts  electron  transfer  for  sereral  dyes  and 
quenchers  (e.g.,  nethyl  riologea)  is  denoastrsted.  Belstirely  low  yields 
of  net  electron  transfer  are  consistently  obtained  due  to  inefficient  ionic 
photodissociatioa  ria  singlet  quenching  or  s  low  yield  of  cere  photoeetire 
coanarin  triplets.  Eleetroehenieal  properties  of  the  eoanarins  hare  been 
inrestigated  by  cyclic  roltannetry  with  the  indications  of  rerersible 
oxidation  and  irrerersible  reduction  as  iwportaat  processes.  1  |  1 
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The  7-aaiaocooaarias  (e.g.,  1  -  £)  coastitate  aa  important  class  of 
orgaaie  dyes  «U«k  laao  *  and  which  ia  scat  circaastaaccs  may  act  aa 
photoseasitizers.* *4  These  straeturea  axe  also  related  to  the  furoeoaaarias 
which  hawe  reoeiwed  aaoh  atteatioa  dae  to  their  photobiological 
properties.*  Ia  prerioaa  papers  ia  this  series,  photophysical  aad 
photocheaieal  properties  for  eoaaaria  dyes  hawe  beea  reported  with 
partiealar  atteatioa  giwea  to  the  pxoaocaced  aediaa  depeadeaees  of  spectral 
propertiea  aad  eaiaaioa  yielda  associated  with  the  highly  polar  eoaaaria 
ezeited  states  (aoaiaally  depicted  by  £)  .*  Other  reeeat  lowest igatioas  hawe 
beea  directed  to  the  aeohaaiaa  of  eoaaaria  photodegrsdatioa,  T  the  behawior 
of  eoaaaria  dree  ia  water  aad  ia  sqaeoas  detergeat  aedia.  *  aad  the  effeeta 
of  aediaa  aad  additiwea  oa  photostability  aad  eaiaaioa  yield  oader  lasiag 
ooaditioas.'  “  11 

The  eoaaaria  dyes  giwo  rise  to  stroag.  broad  absorptioa  baade 
ezteadiag  iato  the  wisible  aeeoapaaied  by  solweat  depoadeat  red  shifts  ia 
eaiaaioa  iadioatiwe  of  aa  eaiasiwe  state  hawiag  a  large  dipole  aoaeat 
(i.e.i  |).  The  iateraetioa  of  each  eseited  species  with  added  qaeaehers 
has  aot  beea  stadied  ia  detail  although  eoaaaria  siaglet  “  aad  triplet 
11  fooaehiag  by  oaygea  hawe  beea  reported.  Oar  espeotetioa  was  that  the 
iateraal  eeabiaatioa  of  doaor  aad  acceptor  gxoaps  for  the  aaiaoooaaarias 
weald  aetiwate  the  iatrwol scalar  charge  traasfer  state  toward  qooaohiag  by 
both  redaeiag  aad  oxidiaiag  ageats.  This  featare  weald  ia  tora  dictate  to 
a  sigaifieaat  degree  the  biaoleealar  photocheaistry  displayed  by  eoaaaria 
dyes  aad  also  prescribe  the  types  of  reageats  that  aight  be  saitable  as 
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Mditiv**  to  4r*  solutions  (agents  tliat  night  insure  phot ost ability) .  Ve 
report  here  the  behavior  of  representative  aainoeouaarins  toward  electron 
transfer  agents  in  aoetonitrile  ,  the  detection  of  products  resulting  from 
photoindueed  electron  transfer,  and  related  electroeheaistry  for  the  dyes. 


Ezperinental  Section 

Materials.  I>yes  1  -  J,  were  laser  grade  naterials  obtained  froa 
Bastaan  Kodak  Co.  (eouaarins  1*  35,  102,  153,  and  6,  respectively).  The 
dyes  were  checked  for  purity  by  tie  (silica,  ethyl  acetate /hexane)  and  in 
■ost  eases  used  as  received.  Several  of  the  ecanereial  saaples  were 
reorystallixed  fros  heptane  or  aethanol/ water.  The  aaine  quenchers  and  Dm 
were  distilled  prior  to  use;  DMA  was  dried  by  addition  of  lithim  alms  inns 
hydride  under  nitrogen  prior  to  distillation  under  redueed  pressure  (20 
torr).  POM  was  reorystallixed  three  tines  froa  hexane /ehl  or  of  on  and  DCB 
and  M?  were  reorystallixed  twiee  fran  nethanol.  Solvents  enployed  were 
speetroquality  acetonitrile  used  as  reeeived  and  triply  distilled  water. 

Flaorcaacaoc  ouonohina.  Dye  snission  was  recorded  on  a  Perkin- Blner 
MPF  44a  fluorineter  equipped  with  a  speotrun  correction  unit  and  using 
quarts  eells.  Solutions  of  10"*  M  dye  were  excited  at  the  absorption 
aaxiaun  and  the  fluorescence  intensity  (at  )^|X)  reeorded  as  a  function  of 
added  quencher  (saaples  were  air  saturated).  Except  for  the  cases  noted 
below,  no  changes  were  recorded  in  the  enission  aaxiaun  or  in  the  dye 
absorption  profile  as  the  result  of  addition  of  quencher.  Intensity 
changes  were  plotted  vs.  quencher  concentration  using  the  Stern-Volner 


equation,  Io/I  ■  1  +  k^t  [Q]  .  Lintir  regression  mlysis  (r  ■  >  0.98) 
provided  slopes  (k^t  values)  end  intercepts  (typically  1.00  *  0.02). 

Triplet  anenekine.  Flask  photolysis.  Flask  pkotolysis  apparatus 
vkiek  consisted  of  a  Xenon  flaak  leap  vitk  ca.  35ps  duration  (fvhm)  (22  cm 
Fprex  cell)  kas  keen  described  previously.14  Argon-purged  solutions  of  ca. 
10"*ll  dye  were  employed.  Pkotograpks  of  oscilloscope  traces  were  obtained 
to  record  %  transmission  values  vkiek  were  converted  to  transient 
absorbance.  For  measurement  of  relative  yield  of  transients*  absorbance 
values  were  recorded  at  tkeir  maximum  at  the  shortest  practical  times 
following  lamp  discharge  (usually  100ya  following  the  flask). 

Cwllc  2SlllWta«  Current-voltage  curves  vere  obtained  for  10  nM 
dye  in  reagent  grade  (vet)  acetonitrile  with  0.1  N  tetraetkylammonium 
perchlorate  (TBAP)  or  0.1  II  LiC104  supporting  electrolyte  using  a 
Bioenalytieal  Systems  poteutiostst.  Other  conditions  included:  working 
electrode*  An  or  Ft;  reference  electrode  *  Ag*  AgNOt  (0.01  M);  auxiliary 
electrode*  Ft;  operating  temperature  22? 

le suits  and  Oiscnasion 

Coumarin  dve  nronertlea:  cyclic  XfililBttiXX*  Absorption  and 
fluorescence  emission  data  for  dyes  1-1  are  shown  in  Table  1  along  vitk 
fluorescence  lifetimes  appropriate  for  air-saturated  acetonitrile  solutions 
at  room  temperature.  In  Table  2  are  included  values  for  oxidation  and 
redaction  potentials  for  the  dyes  obtained  by  cyclic  voltasuetry  for 
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acatonitrile  solutions.  Tha  electrochemical  oxidation*  vara  characterized 
Vy  ralativaly  alaan  forward  and  ratnrn  waves  with  60  -  100  aV  paak  to  paak 
separation  oonaiatant  with  quasi-ravarsibla  behavior.14  The  dyas  vara 
aoaavhat  nor a  diffionltly  radnoad  (a  paak  potantial  eonld  not  ba  aaaanrad 
for  1)  and  radnation  ratnrn  vavas  vara  not  observed.  Dna  to  tka 
irravar sibil ity  of  radnation  of  tka  dyas  in  acetonitrile,  paak  potantials 
vkiak  variad  soaavkat  aacording  to  sean  rat*  (100  -  S00  mV/ s)  raprasant 
rongk  approxiaations  to  tka  tkaraodynaaia  radnation  potantials. 

Xha  snbstitnant  influanaas  for  dya  radnation  and  oxidation  are  raadily 
apparent  in  tarns  of  tka  laatoaa  aoiety  and  otkar  groups  snak  as  CF, 
providing  a  ratarding  inflsana*  on  oxidation  (ralativ*  to  dialky lanil in* s 
for  vkiak  ln  *  ea.  0.7  V  vs  WE1'),  Alkyl  substitution  at  tka  aniline 
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ring  provides  for  greater  aasa  of  oxidation  vkaraas  tka  series  is  lass 
raadily  radnaad  dna  to  tkas*  alaatron  donating  influanaas  (ralativ*  to 
unsubstitvtad  aounarin  for  vkiak  Bt|i  ■  -1.4  V  vs  SGB  14  ) . 

kinalat  ananaklna  alaatron  donors  and  acceptors.  Tka  selection  of 
potential  quanakars  of  dy*  fluorasaano*  is  skovn  in  Table  3  along  vitk  tbs 
appropriate  alaetroakaniaal  data  vkiak  refloat  their  relative  strengths  as 
oxidising  or  reducing  agents  in  seetonitril*.  Tka  results  of  StararVolnar 
analysis  of  steady-state  emission  quenching  by  tka  alaatron  donor  aninos 
are  assaablad  in  Table  4.  DMA  is  sufficiently  potent  to  quench  the 
fluorescent  state  of  thro*  of  tka  dyas  (  1#  £,  and  1)  at  rates  vkiak 
approach  tka  diffuaion  controlled  linit  (aa.  2-3  x  10 14  lTS”1)  ,14  Tka 
exception  involves  th*  least  raadily  radnaad  dya,  i,  for  vkiak  a  din ini shad 


rat*  is  obsarvad.  Consistent  vitk  this  indication  of  dominant 
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donor- accept or  iaflMMi  is  tki  trend  established  for  quench ing  £ 
fluorescence  in  whioh  rats  soastaats  fall  in  a  rsgalar  fashioa  aocordiag  to 
sains  oxidation  potsatial.  If  a  nsar-dif fnsionr-  liaitsd  wains  for  kq  is 
supplied  for  DMA  quenching  of  £  a  quits  rsasoaabls  Talus  for  ths  lifstias 
of  saissioa  for  this  dps  (not  preseatlp  arsilabls  froa  photon  counting 
asasursasats)  is  obtained  (Table  1). 

A  siailar  series  of  qusnshiag  data  invoicing  various  slsetron 
aeeeptors  is  rsprodussd  in  Table  5.  Again,  one  coaaon  quencher,  FDM,  is 
susssssful  in  sequestering  eouaarin  singlets  at  a  high  rate.  The  aore 
potent  aeeeptor,  MV,  1 ,1  '-dinethpl—4,4  *— bippridiniua  dication,  requiring 
for  solubilitp  considerations  a  aixed  aqueous  aediua  ,  is  soaewhat  aore 
successful  la  quenching  £  floors scenes  (reaching  the  diffusion  liaitsd 
rate),  then  less  effective  oxidising  quenchers  are  inspeeted  for  £, 
fall-off  of  the  quenching  eoastaats  is  sgsin  observed,  consistent  with  s 
dia ini shed  quencher  redaction  potential. 

Quenching  data  asp  be  analpsed  using  the  Teller  equation, 
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with  which  the  free  energp  ohange  for  an  encounter  pair  undergoing  slsetron 
transfer  is  ecaputed  using  redox  potentisls  (eomrerted  to  energies),  the 
excitation  energp  of  the  exeited  state  participating  in  quenching  (BOQ,  for 
eci 


in  singlets,  ecaputed  froa  absorption  and  saissioa  esrres),  and  a 


eoalabie  tin,  C,  usually  maid  to  nlu  ei.  0.1  «V  for  acetonitrile 
sol  rent. 

Coapnted  free  energies  are  provided  in  Tables  4  and  5.  The  "rule  of 
thab"1  *  which  snggests  that  near  diffusion  limited  quenching  behavior  is 
observed  in  biaoleenlar  quenching  via  electron  transfer  when  A  G#ti  *5.0 
kcal/aol  is  again  valid  for  the  conaarin  quenching  data.  The  pattern  of 
free  energy  dependence  shomt  by  the  data  for  i  and  £  reflects  a  diainution 
in  quenehing  constant  of  about  one  order  of  magnitude  for  each  reduction  in 
electron  transfer  ezotheraicity  of  5  -  10  koal/aol.  A  siailar  dependence 
for  organic  donors  and  acceptors  in  excited  state  quenching  has  been  found 
in  a  variety  of  other  systems. ***** 

Ittolft  wart  tog  I  Flash  Photolysis.  The  eouaarins  in  combination 
with  several  quenchers  were  subjected  to  flash  irradiation  using 
conventional  equipment  (Xenon  flash  laap,  35ps  fvha) .  Under  conditions 
vhere  quencher  concentrations  dictated  that  couaarin  singlets  were 
substantially  quenched  (from  Steru-Volaer  analyses,  vide  supra),  transients 
were  not  generally  observed  in  the  450  -  700  aa  range  (100  ps  to  100  as 
rcgiae).  Such  combinations  included  1  and  2  with  DMA  and  FUN.  Spectra  for 
couaarin  radical* ions  have  not  yet  been  reported,  but  transients  such  as 
*A+  500^)**  are  readily  observed.  The  failure  of  singlet 

quenoking  in  providing  even  aoderate  yields  of  radical*  ions  in  bulk 
solution  is  consistent  with  a  nuaber  of  recent  findings  which  show  that  the 
fate  of  singlet  radieal*ioa  pairs  resulting  from  exo theta ic  electron 
traasfer  quenching  is  predominantly  in-cage  recombination.**'*4 


Ikf  search  for  electron  transfer  products  fran  quenching  was  eonbined 
with  the  detection  of  triplet-triplet  absorption  for  two  of  the  dyes.  For 
1  alone  in  acetonitrile  or  in  85%  aoetonitrile/water,  a  transient  with 
at  600  -  <25  m  waa  obaerwed  and  asaigned  to  the  oonaarin  triplet  which  has 
been  detected  prewionaly. ’•** '**  The  triplet  of  1,  which  showed  a  first 
order  decay  and  a  lifetine  of  120-180  |is  (several  rone)  in  acetonitrile 
could  be  coapletely  quenched  by  1.0  sN  FUM  (where  singlet  quenching  is  not 
important).  In  this  ezperinent  the  600  an  transient  is  not  replaced  by 
another  absorbing  species  in  the  400  -  700  region  (the  FUM  radical-anion 
abeorba  at  350  an,**  an  area  obsenred  by  dye  bleaohing  and  recovery).  DMA 
(1.0  all)  ,  on  the  other  hand,  is  not  successful  in  intercepting  triplet  1. 
Both  of  these  results  are  consistent  with  electron  (or  energy)  transfer 
quenching  by  BUM  but  not  by  DMA  if  the  energetics  of  Tables  4  and  S  are 
codified  by  reducing  the  exothemieity  of  eleetron  transfer  by  ea.  10 
heal/aol,  the  estimated  difference  in  singlet  and  triplet  energies  for 
similar  dyes  as  shown  by  recent  spectroscopic  neacnrenents.  *'** 

Except ions  to  the  general  pattern  of  negligible  reactivity  (net 
eleetron  transfer)  were  encountered  for  the  acceptor  quencher,  MV.**  Flash 
photolysis  of  1  and  £  waa  exaniaed  in  sons  detail  under  conditions 
appropriate  for  quenching  by  MV  of  dye  singlets  or  triplets.  A  transient 
siailar  to  triplet  £  was  observed  on  flash  irradiation  in  the  presence  of 
MV  (Table  <) .  The  absorption  naxinun  was  again  at  about  <00  on,  consistent 
with  fornatioa  of  the  reduced  species  MV*.**  (The  other  well  characterised 
absorption  of  MV+  at  395  an  is  obsenred  by  strong  absorption  by  the  dye  in 
that  region.)  That  this  transient  Observed  with  added  MV  is  clearly  a 
species  other  than  the  dye  triplet  is  indicated  by  the  extended  deoay  tine 


(Billisecond  range)  which  is  aore  consistent  with  the  eppeersnoe  of  s 
radical- ion.  Decay  data  for  the  presnaed  MV'*'  interaediate  did  not 
uniformly  obey  first  or  second  order  kinetics  and  decay  tiaes  (reported  as 
half-lives.  Table  6)  varied  soaewhat  froa  run  to  rnn  and  were  sensitive  to 
saaple  preparation  (Ar  porting). 

The  dependence  of  yield  of  electron  transfer  was  inspected  for  1  as  a 
function  of  MV  eonceatrstion  in  aoetonitrile/water.  A  aoderate  increase  in 
aaxiaoa  absorbances  (Table  6)  recorded  at  sbont  lOOps  following  the  laap 
flash  (  prior  to  the  onset  of  significant  decay)  is  noted  for  increased 
concentrations  of  MV.  Absolute  value s  for  electron  transfer  yield  were  not 
detemiaed  but  were  clearly  quite  low,  as  suggested  by  data  for  viologen 
quenching  in  other  well  charaeterixed  systems. *•**•  The  relative  yields 
reported  here  are  consistent  with  an  inefficient  photoindueed  electron 
transfer  for  eoamarin  singlet  qoonohing  (vide  supra)  and  a  aore  robust 
reaction  of  the  counaria  triplet  whose  yield  in  the  absenee  of  quencher 
(via  inter system  crossing)  is  known  to  be  very  low  (<  1%  for  1  in 
acetonitrile; *  (Concentrations  of  MV  ■  4.0  and  10.0  aM  correspond  to  20% 
and  40%  singlet  quenching  ,  respectively.) 

Electron  transfer  involving  1  and  aetkyl  viologen  appears  also  to  be 
important  (Table  () .  Yields  of  electron  transfer  for  1  and  £  appear 
siailar  but  the  comparison  is  complicated  since  triplet  yields  (or  triplet 
extinction  coefficients)  for  both  dyes  arc  not  known. ,,»*1 

In  summary,  the  quenching  of  the  fluorescence  of  eouaaria  laser  dyes 
by  a  var'^ty  of  e*  >tron  donors  and  acceptors  has  been  observed.  Net 
electron  tr'  .sfer  is  not  a  dominant  path  for  donor-acceptor  quenching. 
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although  tk*  phot or eduction  of  aethyl  viologen  on  quenching  of  dye  singlets 
or  triplets  is  oonfitaed  by  flash  photolysis  results.  The  ranges  of 
oxidation  and  redaction  potential  for  additives  which  will  diainish  the 
fluorescence  of  several  representative  oonaarin  dyes  have  been  established. 
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V, 
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Ttbli  1  Absorption  sad  mission  proportion  of  eonnsria  djroi  ia  oeotoaitrilo 


Xa 

xf 

Tfb»as 

1 

367 

434 

2.9 

1 

396 

301 

0.60 

1 

390 

431 

2.9 

1 

419 

321 

4.6 

1 

454 

SOI 

(3.1)° 

* Absorption  (1() 

sad  oaissioa  (1{)  a 

arias  ia  aa. 

^Flaorosooaeo  lifotiaos  roportod  for  M,  or  Ar  par god  solatioas 
(rof.  <)  oorrootod  for  fla  oroseoaoo  qao aching  bp  0,  ia  sir  satarstod 
solatioas  (rof.  do) 


cObtaiaod  froa  diaotkplaailiao  qao aching  rosalts  (soo  tozt). 
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Table  2  ftedox  potentials  for  cooaarin  dyes  ftoa  eyolic  vol  tame  try 


i 

Box  (V  vs  SCB)* 

Ered  (V  v#  S®)b 

1 

1.09 

-2.2 

1 

1.20 

-1.8 

1 

0.72 

<-2.3 

1 

0.89 

-1.8 

l 

1.02 

-1.5 

*Oxidatiom  potaatials  tram  reversible  itrti  oalealatad  as  [Ep(ox)  + 
Ip  (rad)] /2  (01,00 

Haiaatiaa  (peak)  potaatials  froa  irreversible  wares  (01,00 


i 
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Table  3.  Electron  doner  or  aeeeptor  quenchers* 


'  Electron  E0X(V  n  SCE)  Bleotron  Bred(V  T*  SCB) 

donor  aeeeptor 

diethylaaine  (DEA)  2.2  din  ethyl  naleate  (MM)  -1.6 

triethylaaine  (TEA)  1.1  p— d i cy anobens ene  (DGB)  -1.7 

diaethy lanil ine  (DMA)  0.73  funaronitrile  (FOM)  -1.3 


tkyl  Tlologen  (MV) 


-0.(9 


Ttbl*  4.  PlutiieiMt  quenching  data  for  oouutiii  and  oloetroa  donor* 
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T*bl*  3. 

Floor*******  q***obi*g  dot* 

D** 

Q**acb*r 

V*io" 

9  IT1.*1)  A«Jt 

1 

FDM 

29. 

*.7 

-17 

MV* 

81. 

29. 

-31 

l 

FDM 

3.3 

3.1 

-d.s 

1 

FUM 

«. 

24. 

% 

-23. 

1 

FDM 

23, 

3.4 

-11. 

1 

DCB 

<0.2 

<0.04 

2.2 

DM 

0.4 

0.2 

O.t 

FDM 

31. 

9.7 

-4.0 

*****  ******  *h*mg*  for  *l**trom  ttaif**  (k*ol/aol)  oolo*lot*d  at  log  tb* 
V*ll*r  *q*otiom  (•••  t*zt). 

Q**mohi»g  ***mlt*  for  tS«  CI,CN/l,0,  him  lag  tf(l)  -  2.*  n»,  tb*  nlu 
for  CltCN  (T*bl*  1). 
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Tabl#  6.  Traasisat  absorptioa  oa  flash  photolysis  of  1  aad  i  with  MV* 


[MV]  ,aM 

^s#« 

*»/s'“ 

Assigaaoat 

1 

- 

0.28 

0.16 

triplot  1 

0.02 

0.2S 

1.3 

MV  radios 1-ioa 

4.0 

0.57 

4.8 

MV  radieal-ioa 

10.0 

0.67 

1.3 

MV  radios 1-ioa 

l 

- 

0.02 

0.3 

triplot  i 

0.04 

0.65 

1.4 

MV  radieal-ioa 

